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Abstract

Audiovisual (AV) integration plays a crucial role in supporting social functions and communication
in autism spectrum disorder (ASD). However, behavioral findings remain mixed and, importantly,
little is known about the underlying neurophysiological bases. Studies in neurotypical adults indicate
that oscillatory brain activity in different frequencies subserves AV integration, pointing to a central
role of: 1) individual alpha frequency (IAF), which would determine the width of the cross-modal
binding window; ii) pre-/peri-stimulus theta oscillations, which would reflect the expectation of AV
co-occurrence; iii) post-stimulus oscillatory phase reset, which would temporally align the different
unisensory signals. Here, we investigate the neural correlates of AV integration in children with ASD
and typically developing (TD) peers, measuring electroencephalography during resting state and in
an audiovisual integration paradigm. As for neurotypical adults, AV integration dynamics in TD
children could be predicted by the IAF measured at rest and by a modulation of anticipatory theta
oscillations at single-trial level. Conversely, in ASD participants AV integration/segregation was
driven exclusively by the neural processing of the auditory stimulus and the consequent auditory-
induced phase reset in visual regions, suggesting that a disproportionate elaboration of the auditory

input could be the main factor characterizing atypical AV integration in autism.
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Introduction

Multisensory processes represent a ‘“building block™ for higher-order functions essential for
communication and social interaction (Spence & Squire, 2003; Murray et al. 2016). Recent evidence
underlines the critical role of sensory peculiarities in autism spectrum disorder (ASD)
symptomatology (Robertson and Baron-Cohen, 2017; Lai et al., 2020), with a special emphasis on
multisensory processing anomalies (Wallace and Stevenson, 2014; Feldman et al. 2018; Zhou et al.
2018). Some studies report that, relative to their TD peers, children with ASD show a reduced
susceptibility to audio-visual illusory phenomena such as the McGurk effect and the sound-induced
double flash illusion (for review see Feldman et al. 2018; Zhou et al. 2018). Also, there is evidence
that the “pip-pop effect”, where an irrelevant sound can facilitate the detection of a target stimulus or
features change, is reduced in ASD (Collignon et al., 2013). It has been also hypothesized that
participants with ASD exhibit a wider extension of the temporal binding windows for audio-visual
information of speech-like stimuli, and this seems to depend at least partly on their basic temporal
acuity across vision and audition that can be measured even with simple stimuli like flashes and beeps
(Stevenson, 2014; Feldman et al. 2018; Zhou et al. 2018). However, findings are mixed, with some
reports of intact multisensory integration in ASD (Feldman et al. 2018). Several aspects such as age
(Beker et al. 2018), type of task (Chan et al. 2016) and nature of the stimuli utilized in the tasks (e.g.,
speech vs. non-speech; see Stevenson et al. 2016) have been shown to influence multisensory
integration in ASD, but which of them assume a preeminence in explaining multisensory integration
peculiarities is not clear (Feldman et al. 2018; see also Zhou et al. 2018; Ainsworth et al.
2021). Notably, despite some behavioral evidence link ASD to multisensory integration/segregation
unbalances, with potential important cascade effects in determining speech processing abilities, little
is known about altered neurophysiological mechanisms behind these anomalies (Beker et al. 2018;
Feldman et al. 2018; Zhou et al. 2018).

Any computation that involves communication between distinct brain areas (e.g. top-down/feedback

or cross-sensory influences) leads to discrete or quasi-discrete processing windows, strongly
3
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influencing the output of sensory computations (Péppel, 2009). In addition, endogenous fluctuations
of neural excitability modulate the processing of incoming sensory stimuli and influence perceptual,
motor, and cognitive processes in different ways (Morillon and Schroeder, 2015; VanRullen, 2016a).
In multisensory processing, balancing temporal integration and segregation has a crucial impact on
how sensory signals from different modalities are organized in our perceptual experience. This
integration/segregation balance has specific neural signatures tightly linked to different brain
oscillatory patterns (Bauer et al. 2020; Keil and Senkowski, 2018). Primarily, temporal cross-modal
integration is dependent on endogenous or pre-stimulus neural rhythms: individuals with a higher
alpha peak frequency in the resting-state or in the pre-stimulus period exhibit better temporal
segregation across sensory modalities (Cecere et al., 2015; Keil and Senkowski, 2017; Cooke et al.,
2019; Venksus and Hughes, 2021). In addition, multisensory integration is supposed to involve cross-
modal influence between cortical areas, with changes of pre-stimulus low/mid frequencies activity
reflecting prediction of the timing of auditory stimuli based on visual dynamics (Keil and Senkowski,
2018; Ten Oever and Sack, 2015). Moreover, increasing evidence in neurotypical adults suggests that
auditory stimuli can “reset” the phase of oscillatory activity in the visual cortex (Lakatos et al., 2009;
Romei et al., 2012; Mercier et al., 2013), which would be important for aligning rhythmic brain
activity of auditory and visual areas and for opening a temporal window where audio-visual
integration can occur. For example, auditory stimulation can influence the processing of a concurrent
visual stimulus, leading to an increased inter-trial phase coherence (ITC) in the visual cortex in theta
(4-8 Hz), alpha (8—12 Hz), and beta (13-20 Hz) bands (Mercier et al., 2015; Romei et al., 2012, Thézé
et al., 2020).

The present study employs electroencephalography (EEG) to investigate whether differences in
endogenous, pre-stimulus, or stimulus-evoked oscillatory activity could underlie atypical
multisensory integration/segregation balance in individuals with ASD. As a proxy for testing
multisensory dynamics in ASD, we used a largely employed audio-visual integration paradigm, i.e.

the stream-bounce illusion (Sekuler et al., 1997), where two moving objects approached each other,
4
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overlapped, and diverged again following a constant trajectory. A sound-dependent change in visual
motion perception is the key aspect for testing audiovisual (AV) integration vs. segregation. Indeed,
if a bounce-like sound occurs around the time of objects overlap, the moving objects can be perceived
either as passing each other (‘stream’ trials, indexing segregation of the two modalities) or bouncing
off (‘bounce’ trials, indexing integration). In this bistable scenario, the divergent perceptual responses
to the same physical stimulation can be used to study audio-visual integration/segregation dynamics
and their putative anomalies in ASD. In particular, we explored the hypothesis that one or more neural
signatures described in the neurotypical population could be altered or unbalanced in children with
ASD, such as: i) a weaker or absent link between spontaneous alpha rhythms and AV integration
window, which would suggest a poor reliance on endogenous oscillatory activity and/or a more
pronounced stimulus-driven multisensory sampling; ii) an absence of pre-stimulus power/phase
differences between AV integration vs. segregation in low-/mid- frequency oscillations that would
index a marginal reliance on anticipatory signals of AV co-occurrence; iii) a different impact of the
sound and of the sound-induced phase reset, which would point to an atypical balancing and temporal

alignment of the different unisensory signals.

Methods

Participants

Twenty-two children with ASD (4 females) and 21 TD (3 females) children took part in the present
study. Children with ASD were recruited from the Scientific Institute IRCCS “E. Medea” (Bosisio
Parini, Italy) according to the following criteria: full-scale 1Q (FSIQ) > 70 as measured by the WISC
IIT or WISC IV (Wechsler, 1993); absence of gross behavioral problem; normal/corrected-to-normal
vision and hearing; absence of drug therapy; absence of diagnosis of attention deficit or hyperactivity
disorder (American Psychiatric Association, 2013). Diagnosis of ASD was made by licensed

clinicians in adherence to the DSM-IV or the DSM V criteria and confirmed with the Autism
5
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Diagnostic Observation Scale (ADOS; Lord et al., 2002). The TD children were recruited from local
schools in the same geographical area, and were administered with Block design and Vocabulary
subtests of the WISC-IV battery. Those measures were taken as indexes for nonverbal and verbal
abilities and were used as matching criteria with the ASD group. The two groups were matched for
chronological age (t31.80) = -1.52, p = 0.137) and for Block design performance (t9.56) = 1.34, p =
0.189), but they differed for Vocabulary performance (t31.27) = 3.52, p =.001). Since the task that we
used in the present experiment consisted in a simple audio-visual integration task with no verbal
material, we are inclined not to consider the difference in the Vocabulary task as a bias for the
obtained results. Finally, parents of all children who took part in the present study were asked to fill
in the Social Communication Questionnaire (SCQ). Participants with ASD, as expected, scored
significantly higher than TD children both in “Current” (t20.10) = - 4.63, p < .001) and “Life time”
forms (t(s.67) = -7.56, p < .001), meaning that they showed a higher presence of symptoms in the
social and communicative domains.

In order to obtain a balanced number of stream and bounce trials for the EEG analyses, we defined
inclusion criteria for participants based on their illusory rate (i.e. percentage of bounce reported over
the total number of trials), setting a higher cutoff at 85% and a lower cutoff at 15%. According to
these criteria, two children with ASD and two TD children presented an unbalanced perceptual
bistability with a percentage of bounce responses in the synchrony condition higher than 85% and
were therefore excluded from further analysis. Moreover, three children from the ASD group and two
children from the TD group were excluded from the analysis because their EEG data were excessively
contaminated by artifacts (more than 35% of epochs removed). According to these criteria, a total of
17 children with ASD and 17 children with TD were considered in the final behavioral and EEG
analysis.

The study was approved by the ethical committee of the Scientific Institute IRCCS “E. Medea”.
Informed consent was obtained from every child and his/her parents, in accordance with the

declaration of Helsinki.
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[ Insert Table 1 about here ]

ASD D
(N=17; 4F) (N=17; 2F) p-value
mean (SD) mean (SD)
Age 12.47 (1.93) 11.5(1.78) 0.137
Block Design 11.59(3.18) 12.88(2.37) 0.189
Vocabulary 9.06 (2.11) 11.82 (2.45) 0.001
Social Communication
Questionnaire (SCQ) - 12.60 (5.97) 4.69 (2.94) <.001
Current
Social Communication
Questionnaire (SCQ) - 21.64 (8.31) 4,00 (2.85) <.001
Lifetime
ADOS 2:
Autism Spectrum (N=3)
e . Autism (N=1)
ADOS Classification ADOS:
Autism Spectrum (N=10)
Autism (N=3)

Table 1. Descriptive statistics of participants (ASD = autism spectrum disorder, TD = typically developing;, SCQ =
Social Communication Questionnaire; ADOS = Autism Diagnostic Observation Scale).

Apparatus, stimuli and procedure

The visual stimuli were presented on a Philips 19SL monitor (60 Hz, resolution 1280x960) and
consisted of two white dots with a diameter of 1.3 deg, moving horizontally on a grey background at
a velocity of 0.13 deg per frame. One dot moved from the left to the right side of the screen, the other
dot moved from the right to the left side of the screen. The dots appeared on the horizontal alignment
and their movements started simultaneously at an eccentricity of 11.7 deg and disappeared at a
position of 7.8 deg of eccentricity in the opposite hemifield. The two dots overlapped each other at
the center of the screen after 1500 ms from the stimulus onset. In total, the duration of the movement
lasted for 2500 ms.

The auditory stimulus was characterized by an abrupt amplitude attack and a gradual decay with an
intensity peak occurring within ~10 msec after the sound onset and a duration of 500ms. The bounce-

like sound was presented at a sampling rate of 44100 Hz through two speakers (Hercules XP 2.0 60
7
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DJ SET) located laterally to the monitor where the visual stimuli were displayed. The sound could be
delivered: 150 ms before the complete overlapping of the two dots (‘pre-coincidence’ condition); 67
ms before the complete overlapping of the two dots corresponding to the moment of the dots approach
(‘synchronous’ condition); or 184 ms after the complete overlapping of the two dots (‘post-
coincidence’ condition) (see Figure 1A).

The latencies of the sound in the three conditions were selected in order to elicit perceptual bistability
based on previous pilot observations. In particular, the timing of the events in the synchronous
condition, with the sound appearing 67 ms before complete overlapping, was expected to elicit a
balanced number (i.e. ~50%) of stream/bounce percepts. Participants sat in a dark room at a distance
of 50 cm from the monitor. An experimenter was next to the participants for the entire duration of the
experiment to collect the children’s responses and to reinforce their efforts or to support the children
with ASD when needed. In order to minimize the eye movement artifacts, the participants were
invited to blink only during the inter-trial interval. The entire session was divided in six blocks of 60
trials each, for a total of 120 trials per condition. The three conditions appeared with equal probability
and were presented in a random order. At the end of every trial, participants were asked to report
verbally whether they saw the two dots “streaming” or “bouncing” each other, and the experimenter
pressed the corresponding button on the computer keyboard (to minimize motor artifacts). The visual
stimuli were displayed and responses were recorded using the MATLAB Psychtoolbox (Brainard,

1997; Pelli, 1997).

[ Insert Figure 1 about here |
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Figure 1. Representation of the experimental paradigm and behavioral results. (A) Example of an audiovisual
bounce-inducing trial employed in the study. Two dots appear simultaneously at both sides of the screen and start
to move horizontally until they overlap each other in the center of the screen (1500 ms after the stimulus onset).
According to the three trial conditions, labelled as ‘pre-coincidence’, ‘synchronous’ or ‘post-coincidence’
conditions, a bounce-like sound is delivered respectively 150 ms before, 67 ms before or 184 ms after the complete
overlap of the two dots. At the end of each trial, participants were asked to verbally report whether they perceive
the two dots as “streaming” or “bouncing” each other. (B) The illusory rate reported in the bar graph for each group
(TD and ASD) and conditions was computed as the rate of bounce trials perceived over the total number of trials.
The occurrence of the auditory event before or in synch with the dots overlap (pre-coincidence and synchronous
conditions) induced an illusory bounce perception in more than half of the trials, while in the post-coincidence
condition perception was biased toward the stream outcome. Triangles and squares represent individual values.

EEG recording and pre-processing
Neural activity of children was recorded by using the Electrical Geodesics system with a 64-channel

Hydrocel Geodesic Sensor Net (Electrical Geodesics, Inc.). The EEG system collected the data with
9
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a sampling rate of 500 Hz and automatically performed an analog filter between 0.01 and 100Hz
(before digitization). Offline, data were band-pass filtered between 0.05 and 80 Hz (non-causal IIR,
order = 2) and a notch-filter at 50 Hz (non-causal Parks-McClellan Notch, order = 180) was applied.
Then data were downsampled to 250 Hz and the reference was recomputed to the average. The pre-
processing steps, including filtering, artifact correction/removal and epoching, were performed in
MATLAB using EEGLAB (Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon and Luck,

2014).

Behavioural analysis

For each participant, the percentage of bounce responses over the total amount of responses (i.e.
illusory rate) was calculated for each condition (i.e. pre-coincidence, synchronous, post-coincidence)
and used as the dependent variable. Such illusory rate was analyzed with a 2x3 mixed ANOVA with
Group (ASD and TD) as between-subject factor and Condition (pre-coincidence, synchronous, post-
coincidence) as within-subject factor. All behavioral analyses were performed with the software R

(version 3.4.4).

EEG analysis - Event-related potential (ERPs)

EEG data were segmented in 3 sec epochs, 1.5 sec before and 1.5 sec after the dots complete overlap
(120 epochs for each of the three conditions). Spherical interpolation was performed on individual
bad channels when required (average number of interpolated channels: 2.21 in TD children; 3.38 in
children with ASD). Blinks and eye movements artifacts were identified and removed using an
independent component analysis (ICA). Furthermore, epochs containing voltage deviation exceeding
+150 uV were removed. Following this procedure, on average 6.11% of epochs in TD children and
14.4% in children with ASD were removed.

The activity between -1500 ms and -1400 ms before the dots overlap was considered as baseline for

ERPs analyses. Since the task consisted in an audio-visual integration, analyses were focused over an
10
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occipital cluster (electrodes: E33, E34, E36, E38) and two clusters of temporal electrodes: a right
temporal cluster (electrodes: E46, E48, E49, E52) and a left temporal cluster (electrodes: E22, E24,
E25, E26). The activities of these electrodes were averaged before the application of statistical
analyses.

To detect differences between the two groups when they perceived the dots bouncing or streaming,
we tested the presence of a possible 2x2 interaction by using nonparametric cluster-based
permutation tests (N. of permutations=10000); these interactions were tested separately in each
experimental condition (pre-coincidence, synchronous, post-coincidence) in all time points ranging
from -800 to +800 relative to the dots overlap. This method is data-driven and allows to test point-
by-point the significant interaction between Group (ASD vs TD) and the Type of percept (bounce vs
stream) in the entire time interval and within all 3 clusters of interest while controlling for multiple
comparisons with the cluster-based correction method (Maris and Oostenveld, 2007). Specifically, to
test such cluster-based interaction we computed the within-group bounce minus stream amplitude
difference and used cluster-based permutation tests to compare the two groups.

Furthermore, if there were time windows that resulted significant from the cluster-based permutation
tests, we further explored the existence of an interaction using mixed design parametric ANOVAs
with the ERP mean amplitude as dependent variable, Group (ASD vs TD) as between-group factor,

and Type of percept (bounce vs stream) as within-group factor.

EEG analysis - Time-frequency decomposition and oscillatory power analysis

Single trial EEG data were time-frequency transformed with a wavelet analysis as implemented in
the newtimef.m tfunction from the EEGLAB toolbox. Output frequencies ranged from 3 to 80 Hz in
100 logarithmically spaced steps, while the wavelet width scaled with frequency values from 4 cycles
at 3 Hz to 25 cycles at 80 Hz to obtain a good trade-off between frequency and time resolution

(particularly important at lower frequencies when inspecting any pre-stimulus effect). As baseline we
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used the interval from -1000 to -700 ms, right after the neural response evoked by the visual stimulus
onset.

For (second level) statistical evaluation, similarly to what has been described for the ERPs analyses
and in order to specifically investigate the oscillatory activity related to the AV integration, in each
time-frequency point, nonparametric 2x2 cluster-based permutation tests were performed to test the
presence of significant interaction between Group (ASD vs TD) and Type of percept (bounce vs
stream). To this aim we computed the bounce minus stream power difference and used cluster-based
permutation tests to compare the two groups. In case of significant frequency x time clusters, we
further applied a mixed design 2x2 parametric ANOVA with factors Group (TD vs. ASD) and Type

of percept (bounce vs. stream).

EEG analysis - Inter-trial Phase Coherence analysis

The extent of phase concentration across trials was quantified on the bases of the inter-trial phase
coherence (ITC) (Tallon-Baudry et al., 1996). This measure is computed with the complex output of
the wavelet transform and provides an indirect representation of the systematic increase in phase
concentration across trials, with possible values ranging from 0 (complete absence of phase
coherence) to 1 (perfect phase locking). As for power analyses described above, we first investigated
a 2x2 interaction between Group and Type of percept by means of permutation tests, computing the
bounce minus stream ITC difference and using cluster-based permutation tests to compare these
measures in the two groups. In case of significant frequency x time clusters, the Group x Type of
percept interaction was further explored with a parametric ANOVA.

In particular, we were interested in detecting sustained levels of phase coherence in the post-stimulus
time window without a concomitant increase of power, since such effect would potentially indicate a

phase resetting mechanism (Mercier et al., 2013; Makeig et al., 2002; Kambe et al., 2015).

EEG analysis - Phase Opposition Indexes

12
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A final step of analysis was devoted to quantify the relationship between the perceptual outcomes and
the ongoing oscillatory phase in the pre-stimulus interval. Since the bistable paradigm employed
consisted in the presentation of exactly the same stimuli, the divergent perceptual outcome (i.e.
bounce or stream) might be determined by the instantaneous phase at which such cognitive process
is engaged.
A variety of analytical methods have been adopted to measure the impact of the neural oscillatory
phase on the trial-by-trial fluctuations, and all of them are based on the assumption that the phase
coherence across a subset of trials (in a specific condition) should exceed the ITC sum for all the trials
(Van Rullen, 2016b). Among these procedures, the “Phase Opposition Product” (POP) has been
independently employed in a large number of studies (Han and VanRullen, 2017), and its original
formulation was described as:

POP = (ITCbounce * ITCstream) - ITCan2
where ITCan was calculated considering all trials independently from their perceptual outcome.
The values of the POP index are bounded theoretically between 0 and 1; values approximating 1
indicate that the ITC of both trial conditions exceeds the overall ITC, as for example, when the phase
of the two subsets of trials (bounce and stream) are consistently clustered around two different angles.
On the contrary, a POP value close to zero may occur only when the phase coherence for both trial
conditions is low, suggesting a random/uniform phase distribution.
Between groups, the statistical significance of POP measure was assessed through a permutation test
with a cluster correction for multiple comparison in the pre-stimulus time window ([-700, 0 ms]) and
in a frequency range covering theta, alpha, and low beta band (4-20 Hz) where phase information has
been associated to multisensory processing (Ten Oever and Sack, 2015; Keil and Senkowski, 2017).
To better interpret the directionality of the POP within each group, we conducted a point-by-point
Rayleigh test, separately on bounce and stream trials, to identify time windows with a significant

phase concentration (i.e. not distributed uniformly around the circle). Moreover, a circular analogue
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of the two-samples t-test was used to assess whether the phase angle between the two perceptual

outcomes was comparable or not (Berens, 2009).

Individual alpha peak at rest and its correlation with the stream-bounce illusion

Resting-state EEG data were obtained from 3 minutes of eyes-closed recording performed before the
stream-bounce task. Data underwent the same pre-processing steps described above, with the
exception that the band-pass filter was applied between 0.05 and 30 Hz. Data were visually inspected
to remove data segments contaminated by muscular or ocular artifacts before extracting the Fast
Fourier Transform (FFT) spectrum. The individual alpha frequency (IAF) peak was calculated as the
frequency corresponding to the maximum FFT power values between 8 and 12 Hz, considering the
average of all channels in a cluster (see “Event-related potential (ERPs)” section). IAF values
calculated in this way were correlated both with measures of ASD symptomatology - as indexed by
the SCQ scores - and with the illusory rate in the stream-bounce task (i.e. the rate of trials perceived
as bounce over the total number of trials). We used partial correlations to account for the variability
in participants’ age.

To further assess that the correlation results were not driven by some group differences in the
distribution of the individual alpha peak or by a less pronounced alpha peak as compared to the 1/f

background slope, we compared the IAF extracted for ASD and TD groups.
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Results

Behavioral performance

The assumptions for the ANOVA were met, as shown by the Shapiro test (all participants: W = 0.984,
p = 0.240; TD: W = 0.993, p = 0.986; ASD: W = 0.966, p = 0.156) and by the Levene's Test for
Homogeneity of Variance between Groups and Conditions that was not significant (F5,06=0.329, p =
0.894). Results of the ANOVA showed a significant main effect of the factor Conditions
(F2,64=20.07, p < .001, n%6=0.223; Figure 1B), with a lower illusory rate in the post-coincidence
condition compared to the synchronous (p < .001) and pre-coincidence (p < .001) conditions. The
occurrence of the auditory event slightly before or in synchrony with dots collision induced an illusory
percept (i.e. bounce perceived) in more than half of the trials, while in the post-coincidence an
opposite pattern emerged, with illusory reports that were below 50% (Figure 1B). Neither the effect

of Group (ASD vs. TD) nor the interaction between Group and Conditions resulted significant.
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ERPs results

Results of permutation tests revealed a significant cluster-corrected 2x2 interaction (Group x Type
of percept) in the synchronous condition in the occipital channels, in a peri-stimulus time window
ranging from -60 ms to 232 ms (cluster-corrected p-value= .0096; Figure 2A-B); when further
explored we found that the direct comparisons between bounce and stream trials was significant only
in TD children from -48 ms to 128 ms (cluster-corrected p-value=.021; Figure 2A-B). No significant
interactions were found in the other cluster of channels nor in the other experimental conditions (pre-
/post- coincidence) tested (see Supplementary Figure 1).

To further explore the significant interaction obtained in the synchronous condition, we performed a
parametric ANOVA on the mean amplitude in this time interval (Figure 2C). The assumptions for the
ANOVA were met, as shown by the Shapiro-Wilk normality test (W= 0.985, p=0.615) and Levene's
Test for Homogeneity of Variance (F3 4= 0.763, p= 0.519). This ANOVA confirmed the result
obtained with permutation tests by showing a significant interaction between Group and Type of
percept (F32= 11.104 , p=.002, n’c = 0.053). In particular, post-hoc comparisons revealed that only
in the TD group (tz2)= -3.385, p=.004; Figure 2C) the mean amplitude was significantly smaller in
trials with AV integration (bounce perceived) as compared to trials where AV components were
segregated (stream perceived). In the ASD group, the difference between stream and bounce mean

amplitude was not significant (t;32= 1.453, p= 0.166).

[ Insert Figure 2 about here ]
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Figure 2. Event-related potentials (ERPs) and event-related spectral power in bounce vs. stream trials. (A, B) Neural
evoked response (ERPs) in occipital channels (E33, E34, E36, E38) and related topographical scalp maps (bounce-
stream difference) for the synchronous condition in the TD and ASD group. Trials were split according to the
perceptual outcome reported, and a 2x2 interaction between group (ASD vs. TD) and Type of percept (bounce vs.
stream) emerged in a time window around the two dots overlap (black horizontal lines displayed in both panel A
and B). In TD children, a significant difference between bounce (integration) and stream (segregation) trials was
detected in the occipital channels within this time window (from -48 ms to 128 ms; gray horizontal line), while no
significant differences emerged in the ASD group. (C) Mean amplitude of the peri-stimulus interval as a function
of the group and Type of percept: in TD group the neural response was smaller in AV integration trials (bounce
perceived) as compared to AV segregation trials (stream perceived). Such modulation was absent in the ASD group.
Triangles and squares represent individual values. (D) Time-frequency plot displaying for each group (TD and
ASD) the difference in oscillatory amplitude (i.e. power) between stream trials (considered as the control condition)
and the bounce trials, as computed over the occipital cluster of channels. On the right side a t-value map shows the
significant cluster-corrected interaction effect in the theta band (~ 4-8 Hz) in a time window ranging from ~ -100 to
400 ms relative to the dots overlap. (E) Bar plot showing occipital power (ERSP) in the time-frequency window
where a significant interaction emerged as a function of group and perception of AV integration (bounce) or
segregation (stream) (*=p<.05; triangles and squares represent individual values). (F) Same analysis as in (D)
performed on the electrodes located on the left temporal area revealed a significant difference between groups in
the alpha/low-beta frequency range (12-20 Hz) from ~ -100 to 500 ms relative to the dots overlap. (G) Bar plot
showing left temporal power (ERSP) in the time-frequency window where a significant interaction emerged as a
function of group and perception of AV integration (bounce) or segregation (stream) (*=p<.05; triangles and squares
represent individual values).

Oscillatory power analysis

In the synchronous condition, the cluster-based permutation analysis conducted on the spectral power
difference revealed two distinct interactions between Group x Type of percept in two different
clusters of channels, but in a comparable time window.

The first interaction in the synchronous condition emerged in the occipital cluster in the theta band
(~ 4-8 Hz, ~[-100, 400 ms]; Figure 2D). This interaction was further studied with an ANOVA that
confirmed a significant interaction effect (F(1,32=5.621, p=.024; Figure 2E). Planned comparisons in
this time-frequency window showed a prominent increase in the theta power in bounce trials
(integration) as compared to stream (segregation) trials in the TD group (tae= 2.44, p=.027; Figure
2E). Such modulation was not significant in participants with ASD.

The second interaction in the synchronous condition was found in the left temporal cluster in the
alpha and low-beta band (12-20 Hz, ~[-100, 500 ms]; Figure 2F). Also in this case it was further
confirmed with the ANOVA (F(1,32=6.652, p=.015; Figure 2G). Planned comparisons in this time x

frequency window showed a pronounced increase of the oscillatory power in the illusory trials in the
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ASD group (taes= 2.362, p=.031; Figure 2G). This power difference between the two experimental
conditions was not observed in the TD group.

It is important to note that in the investigated time window, the time points where significant results
emerged might be affected by a temporal contamination (or “leakage”) induced by the Wavelet
analysis. For this reason, it cannot be excluded that the significant time x frequency region close to
the event onset was affected by some post-stimulus activity, therefore we decided to describe this
result as a “peri”-stimulus effect.

Finally, there were no significant 2x2 interactions, tested at each time-frequency point with the
nonparametric permutation tests and cluster-based correction nor in the pre-coincidence condition

nor in the post-coincidence condition in any of the channels group considered.
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Inter-trial phase coherence (ITC)

The oscillatory activity between -100 and 500 ms time window was investigated also in terms of ITC.
At the descriptive level, both groups presented as expected an increase of ITC after the auditory event.
Importantly, the 2x2 interaction tested with permutation tests in the synchronous condition was
strictly speaking not significant, but there was a trend in the alpha/low-beta frequency range (11-13
Hz, ~[200, 400 ms]) for the occipital cluster (cluster-corrected p-value= .0604; Figure 3A). When
further studied with a Group x Type of percept parametric ANOVA, the interaction effect in the
occipital cluster resulted significant (F(132= 5.302, p= .028). The interaction was driven by a
significant enhancement of ITC in stream as compared to bounce trials in the ASD group (6= -
3.291, p=.005; Figure 3A; see also the distribution of the individual coherence peaks illustrated in
Figure 3B). On the contrary, in the TD group, the ITC did not differ significantly between conditions
(integration/bounce and segregation/stream), although the direction was comparable with previous
literature, i.e. ITC in bounce trials was higher than in stream trials.

In the pre-coincidence condition, there were no significant 2x2 interactions as revealed by
permutation tests-based ANOVA.

In the post-coincidence condition, similarly to the synchronous condition, there was in the occipital
channels a condition by group interaction which was only close to significance (cluster-corrected p=
.067; Supplementary Figure 2), in a time-frequency range similar to that observed in the synchronous
condition (16-22 Hz, ~[200, 400 ms]). When further studied with a Group x Type of percept
parametric ANOVA, the interaction effect in the occipital cluster resulted significant (F(131)= 8.137,
p=.006); such interaction was driven by a significant difference between bounce and stream trials
within the TD group, who presented an ITC increase in the bounce (integration) trials as compared to
the stream trials (segregation) (t(16y= 2.7, p=.043). This difference within the TD group is in line not
only with what we expected from previous literature in typical adults, but also with the direction of
the effect observed in the synchronous condition (i.e. ITC in bounce trials higher than in stream trials),

albeit in that case it was not significant.
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The increment in ITC observed in the alpha/low-beta band in the post-stimulus period, and
specifically its ramping curve, was observed in the absence of a concomitant power increase in the
same frequency range in both groups, that would constitute a major confound for the interpretation
of ITC results. Importantly, this is compatible with a key role for the auditory-driven resetting of the
ongoing phase as a neural coding mechanism (Mercier et al., 2013).

To further confirm that changes in the ITC of occipital areas in the present paradigm are driven by
the auditory input, we extracted the ITC for both groups considering all trials (without distinguishing
the perceptual outcome) as a function of the sound occurrence (pre-coincidence, synchronous and
post-coincidence). The rationale for this additional analysis is that if such phase synchronization in
occipital areas would be influenced by some salient auditory event, the latency of the ITC peak would
be strictly modulated by the temporal onset of the auditory event itself. This pattern was precisely
what we found and reported in Figure 3C.

A similar dependency between the auditory stimulus timing and ITC was not observed in the temporal
clusters (of both left and right hemisphere), suggesting that the observed phase reset originated in the

auditory areas and exerted its cross-modal effect in visual areas.

[ Insert Figure 3 about here ]
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Figure 3. (A) (B) (C) Inter-trial Phase Coherence analysis in the occipital channels. (A) As in the previous figure,
since the primary purpose was to investigate the interaction effect between Group and Type of percept, the t-value
map on the right side shows the result of the permutation statistics computed on the bounce minus stream ITC
difference between groups. The two plots on the left displayed, for each group separately, the inter-trial phase
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coherence when subtracting the stream (segregation) trials from the bounce (integration) trials. In particular, the
two lines superimposed on the time-frequency map represented the course of the phase synchrony (ITC) after the
auditory stimulation for a specific frequency in the alpha band (at 11.6 Hz): while in TD there was an increment in
ITC that did not differ between conditions, in the ASD group the stream/segregation trials (dotted line) presented
an increased ITC in the post-sound period as compared to bounce/integration trials. (B) Distribution of the individual
coherence peaks in the ASD group in the alpha range identified through the cluster analysis for the bounce (left
plot) and stream (right plot) conditions. (C) Inter-trial Phase Coherence comparison among trials in the pre-
coincidence, synchronous and post-coincidence conditions. The time-coherence maps for the occipital channels
illustrate the latency of the phase synchronization in the alpha band as a function of the auditory stimulus onset. In
particular, the top panels displayed the time-course of the ITC at 11 Hz, with the ITC peak clearly modulated by the
timing of the auditory stimulus. For this analysis the ITC values of both groups and all trials, independently from
the perceptual outcome, were considered. (D) (E) (F) Phase Opposition Product (POP) between stream and bounce
trials in the left temporal cluster during the pre-stimulus interval. (D) Permutation statistics pointed out a region of
statistical significance of POP between TD and ASD groups in the theta (4-8 Hz) frequency range. (E) Anticipatory
phase distribution for bounce (integration) trials, in black, and stream (segregation) trials, in red, for a specific
frequency in the theta range (4.6 Hz) for the TD group. To further explore the directionality of the effect, the lower
panel reported the extended pre-stimulus window from about -500 to -200 ms where the phase distribution for the
bounce trials was not uniformly distributed (statistical threshold of 0.05 uncorrected for the Rayleigh test),
differently from the random phase distribution of the stream trials. (F) In ASD participants such discrepancy
between the phase distribution of the two types of percepts was absent: i.e. no timepoints in the pre-stimulus period
had a significant different phase concentration for the bounce or the stream trials.

Phase opposition indices

In the synchronous condition, the permutation statistics highlighted for the left temporal cluster a
significant difference between the two groups (~4-8 Hz, ~[-600, -200 ms]; cluster-corrected p-value=
.0199; Figure 3D) in the POP localized in the pre-stimulus interval across the theta frequency range.
When explored in detail the anticipatory oscillatory phase has an impact in determining the perceptual
outcome only in the TD group. In particular, for the bounce trials the Rayleigh test revealed an
extended time window (~[-500, -200 ms]) where the phase distribution was consistently concentrated
around a common angle, contrarily to the uniform phase distribution in the stream trials. Such
discrepancy in the phase concentration between the two conditions was furtherly assessed by the
circular analogue of the two samples t-test (as shown in Figure 3E). Interestingly, in the ASD group
an equivalent departure from uniformity for bounce and stream trials was absent, and no significant
phase distribution difference between the two conditions was observed (Figure 3F).

Similar results were observed also in the pre-coincidence condition. Indeed, we found a significant

POP difference in the temporal left channels between ASD and TD children in a similar time-
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frequency range (7-10 Hz; (~[-450, -200 ms]; cluster p-value=.039; Supplementary Figure 3) and in
the same direction, i.e. the POP of the TD group was higher than the POP of the ASD group.

We did not find any significant POP difference in the post-coincidence condition; in this case,
however, we should point out that the distribution of stream/bounce responses (and the
relative/corresponding number of trials) is farther away from the ideal bistability. Considering the
need to equalize the number of trials entering the POP analysis to the condition with less trials, such

unbalance trial distribution could undermine the sensitivity of this index.

Individual Alpha Peak (IAF) correlations with behavioural results and ASD symptomatology

The two groups did not show significant differences in the IAF peak in all three clusters of channels
(all ps >.173). Importantly, according to the previous literature in TD adults, we found that in our
group of TD children the illusory rate in the synchronous condition (i.e. percentage of bounce
perceived) showed a significant negative correlation with the IAF, which was stronger in the occipital
cluster (Occipital: r(12=-0.846, p<.001, see Figure 4A; Temporal left: r(12=-0.56, p=.037; Temporal
right: 112=-0.588, p=.027). These results suggest that TD participants with the slower alpha rhythm
were the ones showing the stronger illusory effect, namely a temporal widening of the AV binding
window resulting in an increased number of illusory percepts. Contrarily, in the ASD group these
correlations between illusory rate and IAF were not significant (all ps>.161).

Results in the pre-coincidence condition showed an equivalent pattern. Indeed, in the TD group we
observed a significant negative correlation between the IAF and the illusory rate, which was stronger
in the occipital cluster (Occipital: 112=-0.865, p<.001; Temporal left cluster: r12=-0.57, p=.026;
Temporal right cluster: r(12y=-0.643, p=.01). Contrarily, in the ASD group these correlations between
illusory rate and IAF were again not significant (all ps> .136). In the post-coincidence condition, no

significant correlation emerged neither in the TD (all ps>.189) nor in the ASD group (all ps> .136).

24



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526
527

Finally, when considering the possible relationship between ASD symptomatology as measured by
the SCQ (Current version) and IAF, we found significant negative correlations in the ASD for the
two clusters of temporal channels (Temporal left: 19)=-0.626, p=.039; Temporal right: r9)=-0.72,
p=.013; Figure 4B), showing that more severe social and communicative difficulties were associated
with lower temporal IAF in ASD participants. The same correlations resulted significant also when
considering all participants independently from the group (Temporal left IAF: rp4= -.477, p=.014;
Temporal right IAF: rp4=-.567, p=.003).

A post-hoc power analysis revealed a power of 0.83 for the correlational analysis in the TD group
examining the relationship between IAF and the illusory rates. This power is higher as compared with
previous studies that investigated the relationship between IAF and AV integration with similar
paradigm in neurotypical adults: for example, the post-hoc power in Cecere et al., (2015) was 0.7, in
Cooke et al. (2019) was 0.52 and in Venkus and Hughes (2021) was 0.32. We are aware, however,
that post-hoc power analyses sometimes can be misleading (Zhang et al, 2019; Gillet et al., 1994) and

must be taken cautiously.

[ Insert Figure 4 about here |
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Figure 4. Partial negative correlations of the individual alpha peak (IAF) with the illusory rate and the ASD
symptomatology. (A) TD group shows a negative correlation between the illusory rate and the individual alpha peak
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in the occipital cluster: the slower the alpha rhythm, the more pronounced the illusory effect, indexing a temporal
widening of the AV binding window. (B) Inverse relationship between the ASD symptomatology measured with
the SCQ and the alpha peak in the temporal clusters for the group of children with ASD.

Discussion

This study represents, to the best of our knowledge, the first attempt to elucidate the
psychophysiological mechanisms behind the altered multisensory processing in ASD within an
oscillatory framework. The bistable audiovisual paradigm used here has the advantage of discerning
the correlates of AV integration/segregation dynamics, while keeping constant the physical
stimulation. Our results showed that pathways driving AV integration/segregation dynamics
differentiated children with ASD from their TD peers already at the ERPs level. We observed a
significant modulation of peri-stimulus mean amplitude in visual areas for trials where AV stimuli
were bounded together (bounce) or processed separately (stream) in the TD group. This modulation
was not found in the ASD group, neither in the occipital nor in the temporal areas.

In addition to ERPs, we investigated the neural mechanisms underlying AV integration/segregation
in ASD through an extensive characterization of the oscillatory dynamics of both endogenous and
task-related neural activity. In TD children, we found a set of results that was largely comparable to
the evidence described in the neurotypical adult population (Keil and Senkowski, 2018; Bauer et al.,
2020). The frequency of the individual alpha rhythm measured at rest (i.e. the IAF peak) was
negatively related to the illusory rate, suggesting that within the TD group a faster alpha rhythm
predicted less AV integration (i.e., increased AV segregation) and thus a lower susceptibility to the
illusion, in agreement with previous reports using similar paradigms in neurotypical adults (Cecere
et al., 2015; Cooke et al., 2019; Venksus and Hughes, 2021). In terms of task-related oscillatory
activity, the TD group showed a significant differentiation of cross-modal integration/segregation
indexed by theta power, with an increased peri-stimulus amplitude of occipital theta oscillations in
bounce (integration) trials as compared to stream (segregation) trials. This result also converges with

previous studies in neurotypical adults employing the McGurk illusion to address AV integration
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(Moris Fernandez et al., 2017). Another sign of anticipatory activity predicting AV integration in TD
children was the phase of pre-stimulus theta oscillations in the left auditory regions, which was
significantly clustered around a common phase angle for trials in which participants reported AV
integration (i.e., bounce percept). Overall, our results are consistent with the idea that not only the
length of the oscillatory cycle (an endogenous and largely stable trait) but also the phase and
amplitude of neural oscillations in the pre- and peri- stimulus period (a variable state) determine the
cross-modal dynamics between segregation and integration.

Although EEG signatures reflecting AV integration/segregation processes were evident also in the
ASD group, their nature was markedly different as compared to the TD group. First, there was no
significant correlation between the IAF peak and the illusory rate, despite a similar [AF mean value
between groups. Considering that resting-state alpha has been proposed as a key mechanism for
temporal sampling within and across sensory modalities (Cecere et al., 2015; Samaha and Postle,
2015; Keil and Senkowski, 2017; Ronconi et al., 2018; Ghiani et al., 2021; Cooke et al., 2019;
Venksus and Hughes, 2021), the absence of a significant correlation within the ASD group may
suggest a less stable - or at least noisier - cortical alpha sampling mechanism. However, it remains
the possibility that this null effect was driven by a higher heterogeneity in the ASD group that would
require a larger sample size to properly address the relationship between alpha peak and the AV
integration rate.

Concerning the task-related oscillatory activity, the ASD group contrarily to their TD peers did not
show neither signs of pre-stimulus inter-trials phase concentration differences in temporal regions,
nor peri-stimulus theta amplitude modulation in occipital regions. Theta oscillations have been
proposed to index the formation of prediction of the upcoming auditory stimulus based on visual
dynamic information, for example in studies on neurotypical adults investigating the combination of
lips movement and perceived phonemes, possibly reflecting communication between visual, auditory,
and frontal areas (Keil and Senkowski, 2018). According to our results, it seems that participants with

ASD do not rely on anticipatory mechanisms that typically track the dynamic of visual events (in our
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case the moving objects) to predict the time of their salient changes (in our case the instant when the
collision occurs) and to anticipate the onset or change of auditory stimuli.

Results of the post-stimulus oscillatory activity seem to converge toward this interpretation and also
add further important elements for understanding AV integration anomalies in ASD. In terms of phase
reset of neural oscillations, we observed in our data that the timing of the highest phase concentration
(ITC) was strictly dependent on the timing of the auditory event. Indeed, the maximum phase
coherence in the pre-coincidence condition was anticipated in time relative to the synchronous
condition, that in turn was anticipated relative to the post-coincidence condition. This internal control
speaks in favor of our interpretation of this effect as truly reflecting an auditory-induced phase reset.
Importantly, when looking at differences between groups, we found that the auditory-induced phase
reset of oscillations in the visual cortex was a key marker of differentiation between AV integration
and segregation in the ASD group. Specifically, a stronger occipital phase reset of oscillations in the
alpha band was evident in segregation as compared to integration trials, as if for the ASD group the
sound-induced phase alignment in the occipital regions supports a more accurate segregation of
audio-visual events, breaking AV integration and the illusory outcome. This result is suggesting an
opposite modulation relative to what we know from the neurotypical literature, where auditory-
induced phase reset is supposed to be important for opening a temporal window where audio-visual
integration can occur (Mercier et al., 2015; Romei et al., 2012), a pattern that emerged also in the
present study in TD children in the post-coincidence condition (and, albeit not significant, in the
synchronous condition). On the contrary, results observed in the ASD group suggest that a stronger
auditory-induced phase reset promotes the parsing of audiovisual stimuli. At a more speculative level,
it seems that a disproportionate neural processing of the sound in ASD — which in turn would lead to
a stronger cross-modal (auditory-to-visual) influence — can reduce AV integration and promote,
instead, segregation.

Such speculation seems to find support in the results of beta oscillations in temporal areas in the peri-

stimulus period. Indeed, contrary to the TD group, in the ASD group there was an increased power
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of high alpha and low beta (12-20 Hz) oscillations in temporal channels during AV integration.
Considering the consistent body of evidence showing that the power in this frequency range is
inversely related to the cortical activation (i.e. higher alpha/beta power indexes an increased cortical
inhibition; e.g. Jensen et al., 2012; Klimesch, 2012 for reviews), a candidate hypothesis is that trials
with reduced cortical processing of auditory stimulus were more likely to lead to AV integration.
The two results just described, showing that AV integration in ASD emerges in the presence of a
reduced auditory-induced phase reset in occipital areas and a higher alpha/low beta oscillatory
amplitude (i.e. an index of cortical inhibition) in temporal areas, are coherently pointing toward the
critical role of auditory signals in regulating multisensory dynamics in ASD. Specifically, they
suggest that a stronger reactivity to auditory inputs, which has been largely explored in individuals
with ASD (for a review see Williams et al., 2021), can be one of the main factor behind AV integration
anomalies in ASD.

Lastly, we found an unexpected correlation between ASD social and communication difficulties and
the endogenous alpha rhythms in auditory regions. Specifically, individuals with more severe ASD
manifestations were characterized by a slower alpha rhythm (i.e. higher IAF peak) in auditory areas,
pointing to a potential link between the sampling frequency in the auditory modality and some of the
core symptoms of ASD. However, given the unclear link between IAF in temporal regions and the
AV integration, this result should be taken cautiously as it would require further investigations.
Altogether, our results fit nicely with the idea that multisensory processing is not a monolithic
operation, but rather it could be described as a family of computations that ultimately result in distinct
perceptual outcomes. Multisensory processing reflects the highly flexible and adaptive weighting of
lower-level (e.g., physical characteristics of the stimuli) and higher-level (e.g., expectation) factors
(Van Atteveldt et al., 2014; Murray et al., 2016). The bistable nature of our paradigm allows to reveal
that the relative contribution of multiple neural mechanisms to AV integration/segregation dynamics
in TD children is largely comparable to the one described in the neurotypical adult literature,

suggesting that some of the key neural computations driving cross-modal integration/segregation may
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be similar throughout the neurotypical development. Notably, the convergence of our
neurophysiological results at distinct level of analysis points out the relevance of an endogenous trait
measured at rest (the individual frequency of the alpha sampling), and of the anticipatory oscillations
at single-trial level for driving the perceptual outcome in neurotypical populations.

In contrast, children with ASD seem to weigh differently the distinct computations supporting
multisensory processing. The marginal reliance on anticipatory signals of AV co-occurrence was
counterbalanced by a greater impact of post-stimulus neural dynamics. Although we cannot infer that
the neural mechanisms behind the anomalies described here in AV segregation/integration are
common to other multisensory domains (e.g. visuo-tactile) or to unisensory segregation/integration
processes, these data suggest that children with ASD rely on different neural computations to support
integration/segregation of visual and auditory information. This peculiar set of “sampling priorities”
suggests intriguing clinical and research implications, considering that a future challenge may be to
further clarify the neural oscillatory framework supporting multisensory dynamics in more complex
(e.g. socially relevant) stimuli.

In conclusions, starting from the assumption that the balance between integration and segregation in
multisensory processes may play a crucial role in supporting high-level social functions such as
speech comprehension, by using a bistable audiovisual paradigm and EEG, we found that in
individuals with ASD, differently from the TD group, audiovisual integration could be predicted
neither by the speed of endogenous alpha rhythms nor by the amplitude or phase of pre-stimulus
low/mid frequencies oscillations. Instead, a different neural processing of the sound and a differential
post-stimulus sound-induced realignment of visual cortical oscillations could explain integration vs.
segregation in ASD. These results show how multisensory integration depends on different

endogenous, anticipatory and stimulus-driven factors, which seem selectively altered in ASD.
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